INTRODUCTION
============

Pituitary tumors are usually benign neoplasms accounting for 10% to 15% of intracranial tumors \[[@B1]\]. Pituitary tumors occur generally in the sella turcica, and may occasionally be ectopic \[[@B2]\], exhibiting a wide range of hormonal and proliferative behavior \[[@B3]\]. Increased knowledge of the mechanisms that regulate pituitary tumor cell proliferation may be of great clinical value.

The cell cycle is the process by which cells grow, replicate their genome and divide. The cell cycle is controlled by a cyclically-operating biochemical system constructed from a set of interacting proteins that induce and coordinate proper progression through the cycle. Loss and/or deregulation of the cell cycle at the G1/S restriction point is considered a critical issue among virtually all types of human tumors, including pituitary tumors \[[@B3]\]. Furthermore, overproliferation induced by cell cycle dysfunction is regarded as a crucial contributor to pituitary tumor development \[[@B4]\].

According to previous studies, the tumor is highly susceptible to genetic alterations of specific cell cycle regulators such as the retinoblastoma protein and the cell cycle inhibitory protein p27^Kip1^ \[[@B4][@B5]\]. The p27 functions as a negative regulator of G1 cell cycle progression, and is commonly underexpressed in many tumor types, including pituitary tumors \[[@B6][@B7][@B8][@B9]\]. Regarding the molecular mechanism, F-box protein S-phase kinase-interacting protein-2 (SKP2), a known oncogene, can inhibit p27^Kip1^ expression by directly targeting it for ubiquitin-dependent degradation \[[@B10][@B11][@B12]\]. In pituitary adenomas, the expression of SKP2 negatively correlates with that of p27^Kip1^ \[[@B13]\], suggesting a significant role for SKP2/p27^Kip1^ in pituitary tumor development.

During the past decades, several studies have shown that miRNAs are involved in diverse processes, including differentiation metabolism cell growth and apoptosis \[[@B14]\], and have been implicated in the pathogenesis of several human cancers, including breast cancer \[[@B15]\] and colon cancer \[[@B16]\], as well as in pituitary tumors \[[@B17]\]. The dysregulation of microRNAs (miRNAs) has been shown to impact pituitary cell proliferation and cell cycle progression \[[@B18][@B19][@B20][@B21]\]. A total of 12 miRNAs, including miR-125b, miR-141, miR-144, miR-164, miR-145, miR-143, miR-15b, miR-16, miR-186, let-7b, let-7a3, and miR-128, have been found to be underexpressed in pituitary tumors \[[@B4]\]. Of these 12 miRNAs, the role of miR-186 has not been well established in pituitary tumors; however, online tools such as miRwalk (University of Heidelberg, Heidelberg, Germany) \[[@B22]\], miRanda (Memorial Sloan-Kettering Cancer Center, Newyork, NY, USA) \[[@B23]\] and TargetScan (Whitehead Institute, Cambrige, MA, USA) \[[@B24]\] predict that SKP2 might serve as a direct downstream target of miR-186.

In the present study, the expression and function of SKP2 and p27^Kip1^ were evaluated in a rat pituitary tumor cell line and primary human growth hormone (GH)-secreting pituitary adenoma (PA) cells. Next, the direct binding and regulatory relationship between miR-186 and SKP2 were examined. After confirming that miR-186 directly targets SKP2, the combined effects of miR-186 and SKP2 on pituitary tumor cell cycle and proliferation were evaluated. Finally, the expression levels of and correlations among miR-186, SKP2, and p27^Kip1^ in human pituitary tumor tissue samples were determined to further confirm the findings in this study. In summary, we have discovered a novel mechanism of the miR-186/SKP2/p27^Kip1^ axis modulating pituitary tumor cell cycle and proliferation.

METHODS
=======

Tissue samples
--------------

A total of 20 human pituitary tumor tissues were collected from patients who had undergone surgery. In additon, 5 normal pituitary tissues were obtained from autopsies in which the deceased had no history of any endocrine abnormalities. Tissues were collected under research protocol approved by Sichuan Provincial People\'s Hospital of University of Electronic of Science and Technology of China. Informed consent was obtained from all patients or their families. Tissue samples were fixed in 10% formalin or immediately frozen in liquid nitrogen and stored at −70℃ until further use.

Immunohistochemistry (IHC) staining
-----------------------------------

The fixed tissue samples were embedded in paraffin and then cut into 4-µm-thick tissue sections. After removing the wax, the sections were incubated in 10% normal goat serum (Beyotime, Haimen, China) for 30 min at 37℃ and then with the anti-p27^Kip1^ antibody (ab32034; Abcam, Cambridge, MA, USA), overnight at 4℃. The sections were incubated with a secondary antibody linked with biotin and then with HRP-conjugated anti-biotin (Beyotime) for 30 min at 37℃. Subsequently, the sections were incubated in freshly prepared DAB reagent and then counterstained with hematoxylin (Beyotime). The sections were visualized by light microscopy (Olympus, Tokyo, Japan).

Cell lines, cell culture, and transfection
------------------------------------------

The rat pituitary tumor cell line GH3 and the human embryonic kidney epithelial cell line HEK293 were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). HEK293 cells were cultured in Eagle\'s minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS). GH3 cells were cultured in Ham\'s F12K medium enriched with 15% horse serum and 2.5% FBS, as previously described \[[@B25]\]. All cells were cultured at 37℃ with 5% CO~2~.

Human primary GH-secreting PA cells were isolated from adenoma tissues as previously described \[[@B26]\]. Adenoma tissues were minced with a scalpel suspended in MEM and treated with collagenase I at a final concentration of 1 mg/ml for 2 h at 37℃. Undissociated tissue was removed using a 200-µm filter. Cells were collected by centrifugation, washed twice and then resuspended in MEM supplemented with 10% FBS.

The expression of p27^Kip1^ and SKP2 was regulated by transfection with either small interfering RNA for p27 or SKP2 (si-p27/si-SKP2) or p27/SKP2 overexpressing vectors (GeneCopoecia, Guangzhou, China). The expression of miR-186 was controlled by transfection with miR-186 mimics or inhibitors (GenePharma, Shanghai, China). Cell transfection was performed using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA).

Real-time polymerase chain reaction (PCR)
-----------------------------------------

Total RNA was extracted using the TRIzol reagent (Invitrogen) following the manufacturer\'s protocol. SYBR green PCR Master Mix (Qiagen, Hilden, Germany) was used to detect messenger RNA (mRNA) expression following the manufacturer\'s protocol. GAPDH expression was used as an endogenous control. miRNA expression was determined using a Hairpin-it TM miRNAs qPCR kit (Genepharma) with RNU6B serving as an endogenous control. The 2^−ΔΔCT^ method was used to analyze the relative fold changes.

Immunoblotting
--------------

Target cells were lysed using RIPA buffer supplemented with 1% phenylmethylsulfonyl fluoride. The proteins were extracted and analyzed to determine their concentration using the bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, China). Proteins were then loaded onto a SDS-PAGE minigel and transferred onto a PVDF membrane. Afterward, the membrane was probed with the following antibodies at 4℃ overnight: anti-p27^Kip1^ (ab32034), anti-SKP2 (ab68455, Abcam) and anti-tubulin (ab6160, Abcam). Next, the blots were incubated with the horseradish peroxidase-conjugated secondary antibody immunoglobulin G (cat. P0448; Dako, Milano, Italy). Signal visualization was conducted using ECL Substrates (Millipore, Billerica, MA, USA) with tubulin serving as an endogenous protein for normalization. Gray intensity analysis was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Cell proliferation assays
-------------------------

A Cell Counting Kit-8 (CCK-8; Beyotime) was used to determine the cell proliferation rate. Transfected cells were seeded in 96-well culture plates at a density of 0.5 × 10^4^ cells/well, and the plates were incubated for 24, 48, 72 h. 1 h before the endpoint, 10 µl CCK-8 reagents was added into each well. The valus of optical density at 490 nm were measured using a microplate reader (Bio-Rad, Hercules, CA, USA).

BrdU assays
-----------

The DNA synthesis in proliferating cells was determined by measuring 5-bromo-2′-deoxyuridine (BrdU) incorporation. BrdU assays were conducted at 24 and 48 h after transfection. Cells were seeded in 96-well culture plates at a density of 2 × 10^3^ cells/well, cultured for 24 or 48 h, and then incubated with a 10 µM solution of BrdU (BD Pharmingen; San Diego, CA, USA) for 2 h. After the incubation, the medium was removed, and the cells were fixed for 30 min at room temperature, incubated with peroxidase-coupled anti-BrdU antibody (Sigma-Aldrich, St. Louis, MO, USA) for 60 min at room temperature, washed three times with phosphate-buffered saline (PBS), incubated with peroxidase substrate (tetramethylbenzidine) for 30 min, and then the 450 nm absorbance values were measured for each well. Background BrdU immunofluorescence was determined in cells not exposed to BrdU but stained with the BrdU antibody.

Flow cytometer assay for cell cycle analysis
--------------------------------------------

For the cell cycle analysis, cells were washed two times with ice-cold PBS, resuspended in 1 ml of ice-cold 70% ethanol with gentle vortexing and incubated at 4℃ overnight. The following day, the cells were washed with 1 × PBS and resuspended in buffer containing 10 µg/ml of propidium iodide, 10 µg/ml of RNase A and 0.1% Triton X-100. After incubating for 30 min at room temperature in the dark, the DNA content in the cells was measured using a flow cytometer (Guava easyCyte 8HT), and the data were analyzed using InCyte software.

Statistical analysis
--------------------

Data were processed using SPSS ver. 17.0 statistical software (SPSS Inc., Chicago, IL, USA) and presented as the mean ± standard deviation of results from at least three independent experiments. Student\'s t-test was used for statistical comparison between means where applicable. Differences among more than two groups in the above assays were estimated using one-way ANOVA. A p-value less than 0.05 was considered statistically significant.

RESULTS
=======

The expression and combined function of SKP2 and p27^Kip1^ in pituitary tumor cell lines
----------------------------------------------------------------------------------------

To assess the role of SKP2 and p27^Kip1^, we achieved SKP2 expressionby transfection with either si-SKP2 or SKP2 overexpressing vectors, as confirmed by immunoblotting ([Fig. 1A, B](#F1){ref-type="fig"}). In rat GH3 and human GH-secreting PA cells, si-SKP2 increased p27^Kip1^ protein levels, while p27^Kip1^ protein levels were reduced by SKP2 overexpression ([Fig. 1A, B](#F1){ref-type="fig"}).

The two cell lines transfected with either si-SKP2 or SKP2-overexpressing vectors were then examined for their DNA synthesis capacity and cell proliferation. As shown in [Fig. 1C--F](#F1){ref-type="fig"}, SKP2 overexpression significantly promoted DNA synthesis and cell proliferation in both cell lines, while SKP2 knockdown resulted in opposite effects. Cell cycle alternation was examined. As shown in [Fig. 1E](#F1){ref-type="fig"}, SKP knockdown induced cell cycle arrest in the G0/G1 phase, while SKP2 overexpression resulted in opposite effects. Importantly, the effects of SKP2 knockdown could be partially attenuated by the p27^Kip1^ knockdown. The above findings indicate that SKP2 modulates the proliferation and cell cycle of rat and human pituitary tumor cells via through p27^Kip1^.

SKP2 is a direct target of miR-186, which negatively regulatesSKP2 expression
-----------------------------------------------------------------------------

Rat GH3 and human GH-secreting PA cells were transfected with miR-186 mimics or inhibitors to achieve miR-186 expression, as confirmed using real-time PCR ([Fig. 2A](#F2){ref-type="fig"}). The mRNA expression and protein levels of SKP2 were significantly upregulated by miR-186 inhibition and downregulated by miR-186 overexpression in both cell lines ([Fig. 2B, C](#F2){ref-type="fig"}).

To confirm direct binding of miR-186 to the 3′-untranslated region (UTR) of SKP2, two different SKP2 3′-UTR luciferase reporter gene vectors were constructed: wt-SKP2 3′-UTR containing the wild-type SKP2 3′-UTR with the predicted miR-186 binding site and mut-SKP2 3′-UTR containing a mutation in the predicted miR-186 binding site within the SKP2 3′-UTR ([Fig. 2D](#F2){ref-type="fig"}). HEK293 cells were cotransfected with these two vectors and either miR-186 mimics or miR-186 inhibitors and then examined for luciferase activity. As shown in [Fig. 2D](#F2){ref-type="fig"}, the luciferase activity of the wt-SKP2 3′-UTR was significantly suppressed by miR-186 mimics and while enhanced by miR-186 inhibitors. Importantly, mutation of the putative miR-186 binding site eliminated these effects on the luciferase activity.

MiR-186 modulates the proliferation and cell cycle of rat pituitary tumor cells via SKP2
----------------------------------------------------------------------------------------

After confirming that SKP2 is a direct downstream target of miR-186, functional experiments were performed. Rat GH3 and human GH-secreting PA cells were transfected with either miR-186 mimics or inhibitors, and then DNA synthesis capacity, cell proliferation, and cell cycle analyses were performed. The DNA synthesis capacity and proliferation of the two pituitary tumor cell lines were significantly suppressed by miR-186 overexpression and promoted by miR-186 inhibition ([Fig. 3A, B](#F3){ref-type="fig"}). Overexpression miR-186 consistently induced cell cycle arrest of both two cell lines at G0/G1 phase, while miR-186 inhibition resulted in opposite effect ([Fig. 3C](#F3){ref-type="fig"}).

To gain insight into the molecular mechanism behind these effects, we investigated the role of SKP2 in miR-186 function in pituitary tumor cell lines. Rat GH3 and human GH-secreting PA cells were cotransfected with SKP2 vector and miR-186 mimics, and then, the protein levels of SKP2 and p27^Kip1^ and the DNA synthesis capacity were examined. MiR-186 overexpression remarkably reduced the SKP2 protein level and increased the p27^Kip1^ protein level, while SKP2 overexpression resulted in opposite effects. Importantly, the effect of miR-186 overexpression could be partially attenuated by SKP2 overexpression ([Fig. 3D](#F3){ref-type="fig"}). Consistently, the DNA synthesis capacity and proliferation of rat GH3 and human GH-secreting PA cells was suppressed by miR-186 overexpression and enhanced by SKP2 overexpression; the effects of miR-186 overexpression could be partially reversed by SKP2 overexpression ([Fig. 3F, G](#F3){ref-type="fig"}), suggesting that miR-186 modulates the proliferation of pituitary tumor cell lines via SKP2 and downstream p27^Kip1^.

The expression of and correlations among miR-186, SKP2, and p27^Kip1^ in human tissue samples
---------------------------------------------------------------------------------------------

To further confirm the above findings, the expression of miR-186, SKP2 and p27^Kip1^ were examined in 5 normal pituitary tissues and 20 GH-producing pituitary tumor tissues. As shown in [Fig. 4A--C](#F4){ref-type="fig"}, miR-186 and p27^Kip1^ mRNA expression were significantly downregulated while SKP2 expression was upregulated in tumor tissues. Moreover, immunoblotting and IHC results showed that the p27^Kip1^ protein levels were also lower in pituitary tumor tissues ([Fig. 4D--E](#F4){ref-type="fig"}). Spearman\'s rank correlation analysis showed that SKP2 expression was negatively correlated with miR-186 and p27^Kip1^ expression and that miR-186 expression was positively correlated with p27^Kip1^ expression ([Fig. 4F--H](#F4){ref-type="fig"}).

DISCUSSION
==========

In the present study, the mRNA expression of SKP2 was found to be significantly upregulated while that of p27^Kip1^ was downregulated in rat and human pituitary tumor cell lines. SKP2 knockdown induced cell cycle arrest at the G0/G1 phase while p27^Kip1^ knockdown promoted the release of rehabilitated cells back into the proliferating pool. Through direct binding to the 3′-UTR of SKP2, miR-186 negatively regulates SKP2 expression and thus modulates pituitary tumor cell proliferation and cell the cycle through SKP2 and its downstream target p27^Kip1^.

The expression of the p27^Kip1^ protein is higher in quiescent cells but decreases when cells begin to proliferate. p27^Kip1^ is well known for its primary function in maintaining the inactive state in mammalian cells \[[@B27][@B28]\]. The effects of p27^Kip1^ on cell cycle progression are mainly due to the binding and inactivation of cyclin E-CDK2 complexes at the G1/S transition \[[@B29]\]. Overexpression of p27^Kip1^ not only induces not only cell cycle arrest and loss of cyclin-CDK activity but also triggers apoptosis in human breast cancer cells and several other cancer cell lines \[[@B30][@B31]\]. However, the p27^Kip1^ expression is inhibited in cancer by SKP2 through direct targeting \[[@B10][@B11][@B12]\]. In the present study, the mRNA expression of SKP2 was significantly upregulated while that of p27^Kip1^ was downregulated in rat and human pituitary tumor cell lines. Consistent with previous studies, p27^Kip1^ mRNA expression was negatively correlated with that of SKP2 in pituitary tissues. Inhibiting SKP2 expression to rescue p27^kip1^ expression might eliminate the overproliferation and cell cycle dysregulation of pituitary tumor cells.

As discussed above, miRNAs play a vital role in the initiation and development of pituitary tumors by modulating tumor cell proliferation, apoptosis and the cell cycle \[[@B19][@B20][@B21]\]. They target mRNA in a sequence-specific manner, inducing translational repression or mRNA degradation, depending on the degree of complementarity between the miRNA and the 3′-UTR region of its target \[[@B32]\]. A series of miRNAs, including miR-329, miR-300, miR-381 and miR-655, were reported to target the pituitary tumor transforming gene (*PTTG1*), a newly discovered oncogene, to inhibit its expression and thereby inhibit pituitary tumor cell tumorigenesis \[[@B33]\]. Similarly, miR-132, miR-15a, and miR-16 target SOX5 to inhibit pituitary tumor cell proliferation, invasion, and migration \[[@B34]\]. In the present study, miR-186, which has been reported to be downregulated in pituitary tumor tissues \[[@B4]\], was predicted by online tools to bind the SKP2 3′-UTR directly. In rat and human pituitary tumor cell lines, miR-186 was found to regulate SKP2 expression negatively. Furthermore, the direct binding of miR-186 to the SKP2 3′-UTR was also verified.

The tumor-suppressive role of miR-186 has been widely reported. In lung adenocarcinoma, miR-186 downregulation correlated with poor survival due to dysregulation of the cell cycle \[[@B35]\]. In bladder cancer, miR-186 downregulated the protein phosphatase *PPM1B* and mediated the G1-S phase transition \[[@B36]\]. In prostate cancer, miR-186 blocked the G1/S transition and inhibited cell proliferation by targeting *GOLPH3* \[[@B37]\]. Herein, the function of miR-186 in pituitary tumor cell proliferation was assessed. Consistent with its role in other cancers, miR-186 inhibition promoted cell proliferation and the G1-S phase transition in rat pituitary tumor cells, whereas miR-186 overexpression resulted in the opposite effects. More importantly, the levels of the SKP2 downstream protein p27^Kip1^ were increased by miR-186 overexpression. The suppressive effects of miR-186 overexpression on p27^Kip1^ protein levels and the proliferation of rat pituitary tumor cell could be partially attenuated by SKP2 overexpression, indicating that miR-186 may modulate tumor cell proliferation and the cell cycle via SKP2/p27^Kip1^.

As further confirmation of the above findings, miR-186 and p27^Kip1^ expression were downregulated while SKP2 expression was upregulated in human pituitary tumor tissues. Thus, SKP2 expression negatively correlated with that of miR-186 and p27^Kip1^ while miR-186 expression positively associated with that of p27^Kip1^ in tissue samples. In summary, the miR-186/SKP2 axis modulates pituitary tumor cell proliferation and p27-mediated cell cycle regulation. These findings should be further explored by *in vivo* experiments and studies with a larger sample size in the future.
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![The expression and combined function of SKP2 and p27^Kip1^ in pituitary tumor cell lines.\
(A, B) SKP2 expression in rat GH3 and human GH-secreting PA cells was regulated by transfection with si-SKP2 or SKP2 overexpressing vectors, as confirmed by immunoblot assays. Negative control small RNA interference (si-NC) or an empty vector (NC) served as a control. (C, D) Rat GH3 and human GH-secreting PA cells were transfected with si-SKP2 or SKP2 overexpressing vectors, and then DNA synthesis was examined using BrdU assays. (E, F) Cell proliferation was determined using CCK-8 assays. (G) Rat GH3 and human GH-secreting PA cells were cotransfected with si-SKP2 and si-p27^Kip1^, and then cell cycle analysis was performed using flow cytometer assays. The data are presented as the mean ± standard deviation of three independent experiments. ^\*^p \< 0.05 and ^\*\*^p \< 0.01, compared to the si-NC or SKP2 overexpression vector group. si, small interfering; NC, negative control; GH, growth hormone; PA, pituitary adenoma; BrdU, 5-bromo-2′-deoxyuridine; OD, optical density.](kjpp-23-171-g001){#F1}

![SKP2 is a direct target of miR-186, which negatively regulates SKP2 expression.\
(A) Rat GH3 and human GH-secreting PA cells were transfected with miR-186 mimics or inhibitors to regulate miR-186 expression, as confirmed using real-time PCR. (B) SKP2 mRNA expression in response to miR-186 overexpression or inhibition in rat GH3 and human GH-secreting PA cells was examined using real-time PCR. (C) SKP2 protein levels under the same conditions were examined using immunoblot assays. (D) Luciferase reporter gene assays were performed using wt-SKP2 3′-UTR or mut-SKP2 3′-UTR vectors to verify the direct binding between miR-186 and SKP2 3′-UTR. The data are presented as mean ± standard deviation of three independent experiments. ^\*^p \< 0.05, ^\*\*^p \< 0.01. miR, microRNA; mRNA, messenger RNA; GH, growth hormone; PA, pituitary adenoma; PCR, polymerase chain reaction; UTR, untranslated region; NC, negative control.](kjpp-23-171-g002){#F2}

![The miR-186 modulates pituitary tumor cell proliferation and the cell cycle through SKP2.\
(A) Rat GH3 and human GH-secreting PA cells were transfected with miR-186 mimics or inhibitors, and then, DNA synthesis was examined using BrdU assays. (B) Cell proliferation using CCK-8 assays. (C) Cell cycle analysis using flow cytometer assays. (D, E) Rat GH3 and human GH-secreting PA cells were cotransfected with miR-186 mimics and SKP2 overexpressing vectors, and then examined for the protein levels of SKP2 and p27^Kip1^ were examined using Immunoblot assays. (F) DNA synthesis was examined using BrdU assays. (G) Cell proliferation was examined using CCK-8 assays. The data are presented as the mean ± standard deviation of three independent experiments. ^\*^p \< 0.05, ^\*\*^p \< 0.01, compared to the control group; ^\#\#^p \< 0.01, compared to the SKP2 group. miR, microRNA; GH, growth hormone; PA, pituitary adenoma; BrdU, 5-bromo-2′-deoxyuridine; UTR, untranslated region; NC, negative control; OD, optical density.](kjpp-23-171-g003){#F3}

![The expression of and correlations among miR-186, SKP2 and p27^Kip1^ in human tissue samples.\
(A--C) The mRNA expression of miR-186, SKP2 and p27^kip1^ in 5 normal human pituitary tissues and 20 human GH-producing pituitary tumor tissues was examined using real-time PCR. The data are presented as the mean ± standard deviation of three independent experiments. ^\*\*^p \< 0.01. The protein levels of p27^kip1^ in normal pituitary tissues and pituitary tumor tissues were determined using immunoblot assays (D) and immunohistochemistry staining (E), respectively. The red arrows indicated p27^kip1^ positive cells. (F--H) The correlations among miR-186, SKP2 and p27^Kip1^ in tissue samples were analyzed using Spearman\'s rank correlation. mRNA, messenger RNA; GH, growth hormone; PCR, polymerase chain reaction.](kjpp-23-171-g004){#F4}
